Introduction
Creatinine, an endogenous cation produced mainly by muscle metabolism, is the most widely used marker to assess glomerular filtration rate (GFR) in the clinical setting. However, creatinine clearance is known to slightly overestimate the true GFR, as it is secreted up to 20% across the renal tubule through an active cationic transport, in addition to the amount filtered at the glomerulus [1] . Several drugs, such as cimetidine and trimethoprim [2, 3] , are known to interfere with creatinine transport across tubular epithelial cells. Such drugs inhibit the organic cation transport system located in the renal proximal tubule, thus decreasing creatinine clearance (CL Cr ) and increasing serum creatinine concentration without altering the GFR itself. This effect of cimetidine has been used in clinical practice to improve the accuracy of CL Cr measurement as an estimation of GFR [4] .
Dronedarone is a noniodinated benzofuran derivative with pharmacological activity similar to amiodarone [5] [6] [7] , to which it is structurally related, and shares electrophysiological characteristics of all four VaughanWilliams classes of antiarrhythmics [8] [9] [10] . It is less likely to induce the thyroid adverse events observed with amiodarone. Targeted indications are atrial fibrillation and flutter. During phase I-III clinical trials, a 10-15% increase in serum creatinine has been regularly observed both in healthy subjects and patients receiving dronedarone, without any clinical or laboratory evidence of renal structural damage. This effect seemed to be rapid and reversible, with a quick return to baseline values occurring after study drug discontinuation. In animal studies, no histological changes were noted in the kidneys despite a slight increase in serum creatinine concentrations (5-15%) [11] . An artefactual interference with creatinine measurement methods (e.g. Jaffé method) was excluded.
Carrier-mediated transporters play an important role in renal tubular reabsorption and secretion of a number of endogenous and exogenous compounds [12] . A majority of transporters represent oligospecific carrier proteins involved in the transfer of specific metabolic and nutritional compounds (SLC19 transporter family). By contrast, drugs and toxins are transferred by a limited number of polyspecific transporters accepting compounds of variable size and molecular structure. In addition to the ATP-binding-cassette family (including P-glycoprotein and related proteins), three families of ATP-independent polyspecific transporters have been identified to date: the H + -oligopeptide cotransporter family SLC15 (solute carrier family 15), the solute carrier organic anion transporter family SLCO (SLC21) and the organic cation-anion-zwitterion transporter family SLC22. The latter includes three organic cation transporters (OCT1-3), four organic anion transporters (OAT1-4), one urate transporter, three transporters of carnitine and/or cations (OCTN1,2 and CT2) and six gene products of unidentified function [13] . The distribution of these various carrier subtypes throughout the body is not completely elucidated. However, most subtypes are expressed in the kidney, consistent with its elimination function, with the main subtype being probably OCT2 [14] [15] [16] . The transporters involved in renal tubular secretion contribute to the elimination of organic compounds that are weakly filtrated, owing to strong protein binding. Transporters are also found in other organs involved in the defence against toxins, such as the liver, the intestine and the placenta [17] , and this mechanism is saturable [18] .
Creatinine, a zwitterion, is secreted to a moderate extent by the renal tubular cation transport system and minimally by anion transporters [19] . It has low affinity for OCT2, with a Michaelis constant of 4000 mmol l -1 , and its renal transport is readily inhibited by various drugs [12] . As a cation, dronedarone, though mainly eliminated through biliary excretion, may compete for the cation transport pathway and thus inhibit creatinine secretion in a cimetidine-like way, thereby leading to a limited increase in serum creatinine concentrations. Considering the use of creatinine clearance or serum creatinine concentration to assess renal function, it appeared suitable to confirm the hypothesis of an interference of dronedarone with such tests, while excluding a direct action of this new drug on GFR or renal integrity.
To investigate GFR independently of cation transport, sinistrin, an inulin-like polyfructosan with high solubility, represents an ideal marker as it is almost exclusively eliminated by filtration [1, 20] . N-methylnicotinamide (NMN), produced during tryptophan and niacin metabolism, is an endogenous substrate of the active cation secretion system, and the assessment of its clearance has been proposed to test the organic cation secretion and the renal plasma flow [21] [22] [23] . On the other hand, paraamino-hippurate (PAH) is used to study the active anionic secretion; as it is highly extracted, PAH has also been established as the standard marker for determination of the renal plasma flow [1] .
The aim of this phase I study was thus to evaluate the effects of dronedarone, compared with placebo, on creatinine clearance and on glomerular filtration rate assessed by renal sinistrin clearance, in healthy subjects. Secondary objectives were to evaluate the effects of dronedarone on two markers of tubular transport and renal blood flow, one exogenous substrate of the anionic transport system (PAH) and one endogenous substrate of the cationic transport system (NMN).
Methods Subjects
Twelve healthy male subjects with mean age of 26 years (range 19-38 years), mean weight of 68 kg (range 56-88 kg), mean height of 179 cm (range 169-192 cm) and mean body mass index (BMI) of 21 kg m -2 (range 19-24.6 kg m -2 ) gave their written informed consent before initiation of the study, after the protocol had been approved by the Research Ethics Committee of the University Hospital of Lausanne, Switzerland. All subjects were considered healthy after detailed medical history, physical examination (including a 12-lead electrocardiogram, echocardiography and a 24 h Holter recording) and extensive laboratory tests (haematology, biochemistry, serology and urinalysis). No medication was allowed within 2 weeks prior to dronedarone administration and throughout the duration of the study, except the use of acetaminophen in case of pain.
Drugs
Dronedarone 400 mg tablets were supplied by SanofiAventis (Montpellier, France). For determination of the sinistrin clearance, Inutest ® vials of 5 g 20 ml -1 were purchased from Fresenius Kabi Austria GmbH (Graz, Austria). Sodium para-amino-hippurate (PAH) vials of 2 g 10 ml -1 were obtained from Clinalfa, Merck Biosciences AG (Läufelfingen, Switzerland).
Study design and procedures
This was a monocentre, randomized, placebocontrolled, double-blind cross-over study. It consisted of two periods during which each subject received twice daily repeated doses of either 400 mg dronedarone or placebo for 7 days, separated by a 14 day washout period. The subjects underwent renal investigations on five occasions: on the day before treatment (day -1) and on the last day of treatment (day 7) of each period, then 14 days after the last study drug administration. From the day before each renal investigation, subjects were on a diet with strict standardization of food and liquid intakes. A 24 h urine collection was obtained for measurement of creatinine, osmolality, sodium and potassium excretion on day -1. For the investigation, an intravenous catheter was inserted in each forearm (Optiva; Johnson & Johnson Medical, Arlington, TX), one for sinistrin and PAH infusion and one for blood sampling. Subjects received a standardized breakfast, followed by the study drug with 200 ml water. Sinistrin and PAH infusion started 0.5 h after treatment administration (or corresponding time on the days without treatment). A loading dose of 18.75 mg kg -1 IBW sinistrin and 3.6 mg kg -1 IBW PAH was administered over 3 min to achieve quickly a pseudo-steady-state plasma concentration of 75 mg l -1 for sinistrin and 12 mg l -1 for PAH. Immediately thereafter, a maintenance infusion designed to bring 9 mg h -1 of sinistrin and 7.2 mg h -1 of PAH per ml min -1 GFR (estimated from serum creatinine by the Cockroft-Gault formula) was started and maintained during 6 h, using a high-precision pump (Pilote C; Fresenius Vial, Brezins, France). Blood samples for measurement of plasma creatinine, sinistrin, PAH and NMN were collected before and at 2, 3.5, 5 and 6.5 h after drug administration. The samples were centrifuged and plasma was separated and stored at -20°C until analysis. The haematocrit of each sample was also assessed. Urine was collected from 2 to 3.5, 3.5-5 and 5-6.5 h for creatinine, sinistrin, PAH and NMN measurements, the volume determined and an aliquot stored at -20°C. A fixed amount of water (6 ¥ 200 ml) was given for hydration during the investigation day. Before and after the treatment period, haematology and biochemistry tests were repeated for safety assessment.
No medication, xanthine containing drinks (coffee, tea, coke) or alcohol were allowed during the investigation and treatment periods. Smoking and strenuous sport were prohibited during the entire study period.
Analytical methods
Plasma and urine concentrations of sinistrin, PAH and NMN were determined by validated high-performance liquid chromatography (HPLC) methods with electrochemical detection (limit of detection 0.8 mg ml -1 , precision between 6.3 and 9.7% in plasma and 4.2-10.2% in urine) and UV detection (limit of detection in plasma 0.2 mg ml , precision between 3.3 and 4.4% in plasma, 2.0-2.8% in urine) and after derivatization and using fluorescence detection (limit of detection 0.25 ng ml -1 in plasma, 8 ng ml -1 in urine, precision between 1.1 and 3.3% in plasma and 5.6-8.3% in urine), respectively [24] [25] [26] . Creatinine was measured by the standard Jaffé colorimetric method.
Data analysis
Creatinine, sinistrin, PAH and NMN renal clearances were calculated from the three urine collections (concentration = U, volume = V, duration = Dt) and from the geometric mean of the blood concentrations measured at each start and end of collection periods (concentration = P), using the following standard formula:
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Knowing the infusion rate (R) of sinistrin and PAH, determined by careful assessment of the marker concentration in the solution and of the flow rate of the pump [28] , enabled the calculation of their respective systemic clearance: CL S = R/P. Systemic clearance calculated this way has more inertia than renal clearance to reflect sudden and short-term changes in kidney function [27] . For creatinine and NMN, systemic clearance was estimated in a similar way, assuming a constant production rate (R) which was estimated for each subject as his average excretion rate throughout the study.
Renal sinistrin clearance was considered the reference value for determination of the glomerular filtration rate. Renal blood flow was calculated from the renal and systemic PAH clearances and from the haematocrit: RBF = CL PAH /(1 -Ht). Renal creatinine clearance was also determined from the 24 h urine collection, which also allowed the measurement of excreted amounts of sodium, potassium and water.
Statistical analysis
Statistical analysis was performed using a linear mixed effect model with fixed terms and a random term for subjects within sequence. The relative changes of clearances from baseline to the 7th day of treatment were expressed in percent, based on means of log-transformed values and compared between dronedarone and placebo using anova, which accounted for subject, sequence, period and time effects.
Results

Subjects
Twenty subjects had to be screened to obtain 12 healthy male subjects for inclusion in the study protocol (five subjects were excluded because of benign arrhythmia in 24 h Holter examination, and three declined for personal or convenience reasons). All enrolled subjects completed the study.
Renal function tests
Results are presented in Table 1 and Figure 1 . No differences in the various clearances could be noted between the treatment periods at baseline. After 7 days of treatment, dronedarone significantly affected renal creatinine clearance, which decreased by 17.7% (95% CI -31.7, -0.9) compared with placebo. Sinistrin clearance remained unaffected by dronedarone compared with placebo, with a variation of 3.4% (95% CI -20.4, 17.2). Renal clearance of NMN decreased by 17.0% (95% CI -31.58, 0.65) compared with placebo. Conversely, renal PAH clearance was not affected by dronedarone, with a variation of 5.8% (95% CI -22.5, 14.5). The comparison of systemic clearance values indicated essentially similar changes (not shown). The ratio between renal creatinine and renal sinistrin clearances decreased after 7 days of dronedarone treatment to an average of 1.2, while it remained unchanged at 1.4 after placebo. Similarly, the ratio of renal NMN over renal PAH clearances decreased from 0.9 to 0.8 after dronedarone.
No changes in urine flow rate, osmolality, sodium and potassium excretions were observed between baseline and day 7 of dronedarone treatment compared with placebo.
Safety
No serious adverse event occurred during the study. Nine subjects on dronedarone, and four on placebo presented with treatment-emergent adverse events: one loose stool, two cases of fatigue, one injury, two cases of 
Discussion
The results of this study indicate that dronedarone has no influence on renal clearance of sinistrin, and therefore does not affect the glomerular filtration rate in the study subjects. By contrast, dronedarone significantly decreases renal creatinine clearance by about 18%. This observation is consistent with an inhibition of the cationic transport system by this antiarrhythmic drug, in a way similar to cimetidine. Interestingly, a similar effect has been confirmed for amiodarone during long-term therapy [29] . A significant and similar decrease was observed in the renal clearance of another cation, NMN. Renal clearance of the anion PAH was not affected. This tends to confirm an inhibitory action of dronedarone specifically on the tubular cation transport system. The carriers involved in drug transportation being polyspecific, dronedarone could have a higher affinity than other drugs eliminated in this way, thus leading to their decreased clearance. The fact that PAH clearance remained stable indicates that renal plasma flow was not affected by dronedarone. NMN has also been proposed as an endogenous marker for the determination of renal blood flow [1, 26, 30] . This study indicates however, that it is less efficiently removed from renal blood than PAH, as its clearance is 20% to 30% lower. Moreover, NMN may be affected by inhibitors of cationic transport, but similarly PAH is known to be influenced by anion transporter inhibitors [31] [32] [33] . Other variables of renal physiology like diuresis, renal filtration fraction, urinary sodium and potassium excretion and osmolality, measured under strict standardization of food and fluid intake, remained unaffected after 7 days of dronedarone treatment, which suggests an absence of any other renal effects of this drug.
Creatinine clearance impairment by dronedarone, though compatible with an inhibition of the OCT system, was lower than expected. Had tubular creatinine secretion been completely blocked by dronedarone, the ratio between renal creatinine and renal sinistrin clearances would have reached 1.0, as observed with cimetidine for example. In fact, the observed ratio decreased only to 1.2, while it remained at 1.4 on placebo, meaning a partial inhibition of the tubular creatinine secretion. This could be related either to an inhibition by dronedarone of only certain subclasses of the OCT system, while creatinine may be secreted by other transporters, including OATs, or to incomplete inhibition of creatinine transport at the dose administered. Further studies are warranted to investigate the dose-dependency of this interference of dronedarone on the renal handling of creatinine. It would be of interest to determine whether the drug has any effect on creatinine clearance after full inhibition of tubular secretion by cimetidine, or whether it affects Cystatin C plasma concentrations. It would also be important to assess the effect of dronedarone on other cationic drugs undergoing tubular secretion as a major route of elimination. Such a mechanism of drug interactions affecting cationic transport has been shown, for example, for amantadine (interaction with quinine and quinidine) [24, 34] , metformin (interaction with cimetidine) [35] and procainamide (inhibited by trimethoprim) [36] , and may induce adverse events.
In conclusion, our results show that dronedarone reduces renal creatinine clearance by about 18% in healthy subjects, without affecting GFR, as confirmed by unchanged sinistrin clearance. This new antiarrhythmic agent is thought to inhibit partially the renal cation transport system involved in creatinine and NMN secretion, like cimetidine, trimethoprim or amiodarone, and does not seem to have other effects on renal physiology. This suggests a potential for drug interactions involving cationic drugs. Dronedarone may induce a limited increase in serum creatinine, which is not correlated to a decline in renal function.
